Background: Gintonin is a ginseng-derived exogenous ligand of the G protein-coupled lysophosphatidic acid (LPA) receptor. We previously reported that gintonin stimulates gliotransmitter release in primary cortical astrocytes. Astrocytes play key roles in the functions of neurovascular systems. Although vascular endothelial growth factor (VEGF) is known to influence the normal growth and maintenance of cranial blood vessels and the nervous system, there is little information about the effect of gintonin on VEGF regulation in primary astrocytes, under normal and hypoxic conditions. Methods: Using primary cortical astrocytes of mice, the effects of gintonin on the release, expression, and distribution of VEGF were examined. We further investigated whether the gintonin-mediated VEGF release protects astrocytes from hypoxia. Results: Gintonin administration stimulated the release and expression of VEGF from astrocytes in a concentration-and time-dependent manner. The gintonin-mediated increase in the release of VEGF was inhibited by the LPA1/3 receptor antagonist, Ki16425; phospholipase C inhibitor, U73122; inositol 1,4,5-triphosphate receptor antagonist, 2-APB; and intracellular Ca 2þ chelator, BAPTA. Hypoxia further stimulated astrocytic VEGF release. Gintonin treatment stimulated additional VEGF release and restored cell viability that had decreased due to hypoxia, via the VEGF receptor pathway. Altogether, the regulation of VEGF release and expression and astrocytic protection mediated by gintonin under hypoxia are achieved via the LPA receptoreVEGF signaling pathways.
Introduction
Lysophosphatidic acid (LPA) is a metabolic intermediate primarily produced by phospholipases in plants, and by autotoxin and phospholipases in animals [1] . Although LPAs are considered as minor phospholipids in plant systems, they serve as lipid-derived growth factors and/or local ligands that activate the G proteincoupled LPA receptors of animals [2] . The activation of G proteincoupled LPA receptors is additionally associated with cranial development and cognitive functions in adults, as well as with angiogenesis, embryo implantation, spermatogenesis, and wound healing [2] . Astrocytes are the most abundant cells in the brain and play important roles in the regulation of neurovascular functions that are necessary for brain activity, by forming a blood-brain barrier, providing nutritional support to the neurons, and forming tripartite synapses with neurons [3, 4] . Although the role of the LPA receptors in regulating the interactions between the neurons and astrocytes of the brain is not well understood, recent studies have shown that astrocytes express LPA receptors in abundance [5, 6] . Additional studies have reported that the treatment of astrocytes with LPA induces neuronal differentiation and axonal outgrowth in neurons, indicating that the LPA-mediated release of neurotrophic factors indirectly affects neuronal activity via the LPA receptormediated signaling pathways [7] . However, no reports to date have described the LPA receptor-mediated activity of neurotrophic factors in relation to the neurons and blood vessels in the brain, despite the fact that astrocytes are known to closely interact with the neurons and the endothelial cells of blood vessels in the brain.
Ginseng is a prehistorical herbal medicine with diverse physiological and pharmacological effects. Recently, we found that gintonin, derived from ginseng, contains exogenous ligands of the LPA receptor that activate the LPA receptor system in animals [8] . Gintonin contains several subtypes of LPAs such as LPA C 18:2 , LPA C 18:1 , and LPA C 16:0 and other bioactive lipids such as lysophospholipids and phosphatidic acids as well as ginseng proteins [9] ] i transients are coupled to the regulation of cytosolic Ca 2þ -dependent ion channels and receptors [10] . Further studies showed that gintonin induced- [Ca 2þ ] i transients are further associated with interneuron communications in the hippocampus, stimulating the release of gliotransmitters and neurotransmitters, enhancing long-term potentiation/memory, and encouraging neurogenesis [11e13]. These reports therefore raise the possibility that gintonin contains lipid-derived growth factors, and gintonin-mediated [Ca 2þ ] i transients are associated with the activity of the LPA receptor that plays an important role in both intra-and inter-neuronal communications. However, there is nearly no information on whether the gintonin-mediated activation of Guanosine phosphate (GTP)-binding protein-coupled Lysophosphatidic acid (LPA) receptors in mouse cortical astrocytes regulates neurotrophic factors such as vascular endothelial growth factor (VEGF), which is currently known to play important roles in the growth and maintenance of blood vessels and neurons in the brain. In this report, we checked the effects of gintonin on VEGF release, using cultures of murine cortical astrocytes in normal and hypoxic conditions. Here, we report that gintonin induces VEGF release via signal transduction pathways mediated by the LPA receptor located in the cell membrane. In addition, treatment with gintonin also increased the release of VEGF under hypoxic conditions and restored cell viability and proliferation that had decreased due to hypoxia, via the VEGF receptor pathway. We have further discussed the physiological and pharmacological roles of the gintonin-mediated regulation of VEGF in the nervous system.
Materials and methods

Materials
Gintonin was prepared from Panax ginseng according to the methods previously described [14] . Gintonin was dissolved in deionized water and diluted with the medium before use. Dulbecco's Minimum Essential Medium (DMEM), fetal bovine serum (FBS), penicillin, and streptomycin were purchased from Invitrogen (Camarillo, CA, USA). LPA (1-oleoyl-2-hydroxy-sn-Glycero-3-phosphate, 857130P) was purchased from Avanti Polar Lipids, Inc. (AL, USA). Other reagents were purchased from Sigma-Aldrich (St Louis, MO, USA).
Primary cultures of murine cortical astrocytes
Primary cultures of astrocytes were prepared from the cerebral cortices of 1-day-old postnatal Institute of Cancer Research/ KOA-TEC, Pyeongtaek-si, Gyeonggi-do, Korea (ICR) mice, according to the method described by Shano et al. The cells were seeded in culture plates coated with poly-L-lysine hydrobromide (100 mg/ml; SigmaAldrich) and grown in Dulbecco Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 100 units/mL penicillin, and 100 mg/mL streptomycin in a humidified atmosphere containing 5% CO 2 at 37 C. When the cells reached confluence in 5 to 7 days, they were harvested with 0.05% trypsin/EDTA solution (Life technologies, Carlsbad, CA), seeded in culture plates previously coated with poly-L-lysine hydrobromide (100 mg/ml; SigmaAldrich), and re-grown in DMEM supplemented with 10% FBS, 100 units/mL penicillin, and 100 mg/mL streptomycin, for performing experiments.
Determining VEGF expression in primary astrocytes with immunoblotting
Cell lysates, containing 50 mg of protein, were electrophoresed using a 12% sodium dodecyl sulfate polyacrylamide gel and transferred onto a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). The membranes were blocked with 5% Bovine Serum Albumin (BSA) in TTBS (20 mM Tris, pH 7.6, 137 mM NaCl, and 0.1% Tween 20) for 1 h and then incubated overnight at 4 C with rabbit anti-VEGF primary antibody (1:500; Santa Cruz). The membranes were then washed several times with TTBS at 5 min intervals and then incubated with anti-rabbit horseradish peroxidaseeconjugated secondary antibodies (1:1000; Millipore) for 2 h at room temperature. The chemiluminescence of the protein bands was subsequently visualized using an ECL kit (Abfrontier, Seoul, Korea).
Measurement of VEGF release
For measuring the release of VEGF using experimental assays, the astrocytes were seeded on 6-well plates at a density of 1 Â 10 6 cells per well and treated with DMEM in the presence or absence of gintonin at 37 C. The level of VEGF in the culture medium was measured using a mouse VEGF ELISA kit (Invitrogen, Waltham, MA, USA), according to the manufacturer's instructions.
Immunocytochemistry experiments for estimating VEGF expression in primary astrocytes
After the indicated treatments, the cultured astrocytes were fixed on cover slips for 20 min at room temperature and subsequently washed with phosphate buffered saline (PBS). The cells were permeabilized for 30 min with 0.4% Triton X-100 in 3% BSA PBS. After washing with PBS, the cells were incubated for 2 h with rabbit anti-VEGF antibody (1:500; Santa Cruz) in 1% BSA PBS. The cells were then washed several times with PBS and incubated for 2 h at 37 C with Fluorescein isothiocyanate (FITC)-conjugated antirabbit IgG antibodies (1:1000; Millipore) in the absence of light. After finally washing in PBS, the cover slips were mounted on the slides with VECTASHIELD medium (Vector Laboratories, Inc. Burlingame, CA, USA) and allowed to sit overnight at 4 C. The images of the slides were captured using a confocal microscope (Olympus FV1000, Tokyo, Japan).
Induction of hypoxia
The astrocytes were exposed to a hypoxic environment using the BD GasPakÔ EZ anaerobic system [15] . Following exposure to The concentration of VEGF in each sample was determined using a VEGF assay kit, as described in "Materials and methods Section". LPA, lysophosphatidic acid; S.E.M., standard error of the mean; VEGF, vascular endothelial growth factor. hypoxic conditions for 0, 0.5, 1, 2, or 12 h, the cells were washed. For re-oxygenation, the culture medium was replaced with fresh culture medium, and then the cells were treated with 0e0.3 mg/mL gintonin for 0, 0.5, 2, or 8 h under normal culture conditions, depending on the experimental protocol.
Data analyses
We first obtained the peak degree of increase in VEGF release using VEGF ELISA kit with various concentrations of gintonin and plotted and obtained concentrationeresponse curves on the release of VEGF by gintonin. Origin program (OriginLab, Northampton, MA, USA) was used to fit the data to the Hill plot: y/ y max
, where y is the peak at a given concentration of gintonin, y max is the maximal peak in the absence of gintonin, EC 50 is the concentration of gintonin producing a halfmaximal effect, [A] is the concentration of gintonin, and nH is the Hill coefficient. All the values are represented as the mean AE the standard error of the mean.
Results
3.
1. Effect of gintonin, ginsenosides Rb 1 and Rg 1 , and LPA on VEGF release in primary cultures of murine cortical astrocytes, and investigation of associated membrane signaling pathways for VEGF release Astrocytes express LPA receptor subtypes [5, 6] . Astrocytes are the major brain cells that come in contact with the blood vessels that supply blood to the brain by forming the bloodebrain barrier, which protects the brain from the external environment. Since astrocytes also affect blood vessel formation by releasing VEGF [16] , we first checked the effects of gintonin on the VEGF release by astrocytes. As shown in Fig. 1A , the treatment of astrocytes with gintonin at doses of 0.1 to 1 mg/mL for 12 h induced the release of VEGF in a concentration-and time-dependent manner (Figs. 1A,  1B) . Although the LPA1/3 receptor antagonist, Ki16425, alone had no effects on VEGF release, it was antagonistic to the gintoninmediated increase in VEGF expression (Fig. 1A) . In time-course experiments, the gintonin-mediated increase in VEGF release was maximal at 12 h following gintonin treatment (Fig. 1B) . Treatment with LPA C 18:1 (1 mM) also induced the release of VEGF (Fig. 1C) . The LPA1/3 receptor antagonist (Ki16425), the inositol 1,4,5-triphosphate receptor antagonist (2-APB), and the intracellular calcium chelator (BAPTA-AM) also antagonized the gintoninmediated increase in VEGF release (Fig. 1C) . Ginsenosides Rb 1 and Rg 1 had no effect on the release of VEGF in the cultures of mouse cortical astrocytes (Fig. 1C) . The present results showed that gintonin, but not the ginsenosides, evokes the release of Ca 2þ from the intracellular stores to induce the release of VEGF by the astrocytes by activating the signal transduction pathway mediated by the LPA receptor signaling pathways including phospholipase C and IP 3 receptor.
Effects of gintonin on the expression of VEGF in cortical astrocytes
We subsequently quantified the gintonin-mediated VEGF expression level using immunoblotting. As shown in Fig. 2A, gin- tonin at a concentration of 1 mg/mL increased VEGF expression in a concentration-dependent manner by two-folds, compared to the control setup that was treated with saline. In time-dependent experiments, gintonin increased the expression of VEGF maximally at 12 h after treatment, which decreased to near basal levels after 24 h (Fig. 2B) . Treatment with 1 mM LPA C 18:1 also induced the expression of VEGF (Fig. 2A) . The intracellular calcium chelator, BAPTA-AM, and the LPA1/3 receptor antagonist, Ki16425, also antagonized the gintonin-mediated increase in VEGF expression (Fig. 2C) . These results indicate that gintonin induces an increase of VEGF expression level in primary astrocytes in a manner that is dependent on calcium and signaling pathways mediated by the LPA receptor.
Effects of gintonin on the distribution of VEGF in astrocytes
We also examined the effects of gintonin on the distribution of VEGF in the astrocytes. As shown in Fig. 3 , the treatment of astrocytes with gintonin at doses of 0.1 to 1 mg/mL for 12 h increased the immunostaining of VEGF expression in the cytosol in a concentration-dependent manner (Fig. 3, arrows) . Interestingly, at a low concentration, gintonin primarily increased the expression of VEGF in the cell body; however, at higher concentrations, gintonin changed the distribution of VEGF in the cell body to the cell processes (Figs. 3B, 3D, arrows) . The LPA1/3 receptor antagonist, Ki16425, alone had no effects on VEGF expression but inhibited the gintonin-mediated increase in VEGF expression, indicating that the gintonin-induced expression of VEGF is mediated by the LPA receptors (Fig. 3F) .
Effects of gintonin on VEGF release and astrocytic viability under hypoxic condition
It is well-known that VEGF plays an important role in angiogenesis during hypoxia [17] . Recent studies showed that VEGF has additional nonangiogenic roles in the nervous system. Krum et al (2002) and Mani et al (2005) demonstrated that VEGF increases the proliferation of astrocytes in neocortical explants [18, 19] . In this study, we examined whether the gintonin-mediated release of VEGF is linked to the proliferation of astrocytes. As shown in Fig. 4A , the treatment of astrocytes with gintonin increased cell proliferation; however, the effects of gintonin were inhibited by Ki16425 as well as by the VEGF receptor antagonist, axitinib, raising the possibility that the gintonin-mediated astrocytic proliferation depends on the LPA receptor and VEGF receptor. In addition, we examined the effects of gintonin on cell viability and VEGF release during hypoxia, since VEGF is known to play an important role in cell viability during hypoxic insults. As shown in Fig. 4B , although hypoxia itself significantly reduced cell viability, the treatment of hypoxic astrocytes with gintonin restored cell viability in a concentration-dependent and a LPA receptor-and VEGF receptordependent manner (Fig. 4) . We subsequently measured the VEGF released from the astrocytes during hypoxia in the absence or presence of gintonin. Consistent with a previous study, hypoxia itself greatly increased the VEGF release in the astrocytes (Fig. 4C ) [20] , treatment with gintonin further significantly increased the release of VEGF during hypoxia in a concentration-and timedependent manner ( Figs 4C, 4D ). This indicated that the restoration of astrocyte viability and proliferation mediated by gintonin during hypoxia could contribute to the regulation of the LPA receptoremediated VEGF release.
Discussion
In our previous studies, we reported that acute treatment with gintonin induces [Ca 2þ ] i transients in neuronal and nonneuronal cells via the activation of LPA receptors and regulates intracellular calcium-dependent ion channels and receptors [9] . In addition, gintonin-mediated cytosolic Ca 2þ elevations are associated with the release of gliotransmitters, neurotransmitters, Adenosine triphosphate (ATP), glutamate, and norepinephrine for intercellular communication in astrocytes and neuronal cells [9, 11] . Gintonin activates N-methyl-D-aspartate (NMDA) receptor channel currents and enhances synaptic transmission in hippocampal slices [21, 22] . Although acute treatment with gintonin modulates the release of gliotransmitters and neurotransmitters and enhances synaptic transmission [13, 21] , relatively little is known about the effects of gintonin on the release and expression of neurotrophic factors. In the present study, we examined the effects of gintonin on the release and expression of VEGF in primary cultures of cortical astrocytes.
The present results showed that gintonin, and not the ginsenosides Rb 1 and Rg 1 , induced the release and expression of VEGF in primary cultures of cortical astrocytes, although previous reports showed that ginseng extracts and ginsenosides stimulate angiogenesis in blood vascular systems by regulating VEGF expression [23, 24] . These results indicate that gintonin, and not ginsenosides, regulates the release and expression of VEGF in the brain. The gintonin-mediated increase in VEGF release is achieved through an LPA receptoremediated signal transduction pathway (Fig. 1) . Second, gintonin also restored the hypoxia-induced damages to cell viability by increasing the release of VEGF; however, the gintonininduced VEGF release and cell proliferation under hypoxia was attenuated by a VEGF antagonist, showing that the regulation of VEGF by gintonin might be crucial for recovering from hypoxic insults. In our previous studies, we also showed that gintonin increases the formation of VEGF in the endothelial cells of human umbilical vein [25] . Thus, combining the results of the present and previous studies, the fact that gintonin regulates the release and expression of VEGF in neural and nonneuronal cells is further substantiated.
VEGF is a secretary protein, essential for the growth of blood vessels in peripheral systems, for the development of blood vessels throughout the animal body including human, and for numerous functions of the nervous system in adults [26] . In neurovascular systems, hypoxia damages the endothelium of the vascular systems in the brain, which interferes with the normal flow of blood and subsequently leads to ischemic conditions in the brain, as shown in Fig. 5 [27] . It is known that hypoxia itself induces the expression of VEGF in astrocytes [20] . The hypoxia-induced VEGF expression possibly contributes to ischemic tolerance and has neuroprotective effects [28, 31] . VEGF thus exhibits both angiogenesis-dependent and angiogenesis-independent functions that maintain homeostasis in the brain and its blood vessels [16, 17, 29] . In this study we observed that cortical astrocytes treated with gintonin exhibited increases in the release and expression of VEGF, via the signaling pathways mediated by the LPA receptor. Additionally, during hypoxia, the gintonin-induced VEGF release and increase of cell viability via the LPA receptor might also contribute to neuroprotection during hypoxia in the central nervous system (Fig. 4) .
Gintonin is a unique preparation of ginseng, used as a herbal medicine for its various biological effects on both nervous and nonnervous systems, which are mediated through LPA receptors. The results of this study provide further evidences of the roles of gintonin in regulating the release and production of VEGF in astrocytes during normal conditions and in hypoxia. Astrocytes have dual neurovascular connections and play important roles in regulating the activities of neurons and brain microvessels, including those of the bloodebrain barrier. On one side, the astrocytes surround the endothelial cells of the blood vessels in the brain, forming the bloodebrain barrier that signals the endothelial cells. On the other side, the astrocytes form tripartite synapses that regulate diverse neuronal functions by releasing gliotransmitters [3] (Fig. 5) . Previous studies have reported that acute treatment with gintonin stimulates the release of ATP and glutamate [12] . In this study, we showed that the treatment of astrocytes with gintonin is associated with the release and expression of VEGF from the astrocytes in vitro. The extent of the dual effects of gintonin depends on its concentration and the duration of exposure. Long- term treatments with gintonin induce the release of VEGF, which may affect neuronal survival and the maintenance of microvessels in neurovascular systems, under abnormal condition such as hypoxia (Fig. 5) . The observation that gintonin regulates the release and expression of VEGF in astrocytes, together with the previous reports, that gintonin treatment increases Brain-derived neurotrophic factor (BDNF) expression and pCREB phosphorylation in hippocampal neurons, may be linked to the beneficial effects of gintonin in the central nervous system [22, 30] .
In conclusion, this study shows that the LPA receptor activation by gintonin on cortical astrocytes is linked to the regulation of VEGF release and expression. The gintonin-mediated regulation of VEGF was further observed to be coupled to the neuroprotective effects of gintonin on cortical astrocytes during hypoxia. Finally, we further suggest that the regulation of VEGF release and expression mediated by gintonin may provide a molecular basis for the pharmacological effects of ginseng on the nervous system.
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